Laying hens develop a type of osteoporosis that arises from a loss of structural bone, resulting in high incidence of fractures. In this study, a comparison of bone material properties was made for lines of hens created by divergent selection to have high and low bone strength and housed in either individual cages, with restricted mobility, or in an aviary system, with opportunity for increased mobility. Improvement of bone biomechanics in the high line hens and in aviary housing was mainly due to increased bone mass, thicker cortical bone and more medullary bone. However, bone material properties such as cortical and medullary bone mineral composition and crystallinity as well as collagen maturity did not differ between lines. However, bone material properties of birds from the different type of housing were markedly different. The cortical bone in aviary birds had a lower degree of mineralization and bone mineral was less mature and less organized than in caged birds. These differences can be explained by increased bone turnover rates due to the higher physical activity of aviary birds that stimulates bone formation and bone remodeling. Multivariate statistical analyses shows that both cortical and medullary bone contribute to breaking strengthThe cortical thickness was the single most important contributor while its degree of mineralization and porosity had a smaller contribution. Bone properties had poorer correlations with mechanical properties in cage birds than in aviary birds presumably due to the greater number of structural defects of cortical bone in cage birds. Laying hens develop a type of osteoporosis that arises from a loss of structural bone, resulting in high incidence of fractures. In this study, a comparison of bone material properties was made for lines of hens created by divergent selection to have high and low bone strength and housed in either individual cages, with restricted mobility, or in an aviary system, with opportunity for increased mobility. Improvement of bone biomechanics in the high line hens and in aviary housing was mainly due to increased bone mass, thicker cortical bone and more medullary bone. However, bone material properties such as cortical and medullary bone mineral composition and crystallinity as well as collagen maturity did not differ between lines.
Introduction
Laying hens offer an interesting model for studying bone pathologies such as osteoporosis Dunn et al., 2007) . They have developed specific physiological adaptations to facilitate adequate calcium supply for the rapid calcification of the eggshell having the most efficient calcium metabolism in nature (Dacke et al., 1993; Jonchere et al., 2010) . They need to mobilize about 2 g of calcium daily for eggshell formation, equivalent to 10 % of the total body calcium (Miller, 1992) . In general, calcium comes in part from the diet and in part from the skeleton, the contribution varying depending on the available calcium in the diet (Taylor and Moore, 1954) . As hens reach sexual maturity and come into lay, osteoblast function switches from producing cortical and trabecular bone to produce medullary bone in the marrow cavities of the long bones. Medullary bone serves as a calcium reservoir for eggshell calcification which to some extent buffers the supply and demand over the day (Dacke et al., 1993; Van de Velde, 1985; Whitehead, 2004) . However, during lay, osteoclasts not only mobilize Ca from medullary bone when required for shell formation but they also continue cortical bone resorption resulting in a progressive loss of structural bone (Fleming et al., 2006) . The loss of structural bone is not compensated by the formation of medullary bone which is mechanically weaker (Ascenzi et al., 1963; Bonucci and Gherardi, 1975; Fleming et al.,2006) and as a result bone becomes more prone to fracture (Whitehead, 2004; Mazzuco and Hester, 2005) . This skeletal weakening is considered to be a type of osteoporosis. Its prevalence in commercial flocks of laying hens, particularly towards the end of lay, and associated bone fractures, is an important welfare challenge (Whitehead, 2004; Webster, 2004; Mazzuco and Hester, 2005; Fleming et al., 2006) . On the other hand, it is well known that bone is able to adapt to mechanical loads and that increased physical activity stimulates bone formation whereas hypoactivity induces bone loss in chickens (Fleming et al., 2006; Shipov et al., 2010; Aguado et al. 2015) in a similar way as in other animal models and humans (Isaksson et al., 2009; Wang et al., 2013; Warden et al., 2014; Aido et al., 2015) . Thus, housing systems that allow for an increased mobility influences the incidence and severity of osteoporosis in laying hens.
Avian osteoporosis is known to have a large genetic component (Bishop et al., 2000; Fleming et al., 2006; Dunn et al., 2007) making it possible to ameliorate the problem by selecting birds with bone traits that lower the risk of bone fracture. We had previously studied two White Leghorn lines (High and Low), which had been divergently selected for seven generations based on a high or low bone index (BI) which included tibial and humeral breaking strength and keel bone radiographic density (Bishop et al., 2000; Dunn et al., 2007) . The effect of physical activity on bone biomechanical properties was also studied in bird housed in conventional individual cages, with restricted mobility, and in aviary systems, with relatively unrestricted physical activity (Fleming et al., 2006) . The results showed that genetic selection and environmental factors (e.g., housing, diet) affect bone properties, (i.e. bone strength, cortical area, % cortical bone and radiographic density) and their effects were positive independent and additive. Also, the amount of medullary bone was also favorably affected by the selection process and the increased physical activity in aviary systems (Fleming et al., 2006) .
On the other hand, bone is a complex composite material constituted by carbonated apatite nanocrystals mineralizing an organic matrix of cross-linked collagen fibres (Glimcher, 1998; Weiner and Wagner, 1998; Fratlz et al., 2004) . The mechanical properties of bone are not only determined by the total bone mass but also by its geometrical distribution, porosity, its structural organization at different scales and the quality of the bone materials (Gupta et al., 2006; Zimmermann et al., 2011) . Important bone quality parameters that are currently used to evaluate the fracture risk are mineral density and its organization in different bone structures (i.e, osteons, collagen fibres) as well as mineral crystallinity and collagen maturity (cross-linking; Martin and Ishida, 1989; Nakano et al.; Fratlz et al., 2004; Boskey and Mendelsohn, 2005; Gourion-Arsiquaud et al., 2009; Zimmermann et al., 2011) .
To define the main bone characteristics contributing to the observed improvement of the bone mechanical properties during line selection and different physical activity regimens, associated to different type of housing, we have characterized in detail cortical and medullary bone material properties for the two lines of birds which were housed in two different types of systems (individual cages or aviary systems). Measurements of each type of bone tissue include the degree of mineralization, mineral crystallinity, collagen cross-linking and mineral organization. For this end, we have used complementary analytical techniques such as electron microscopy, infrared spectroscopy and X-ray diffraction. These techniques provide detailed information about the chemical composition and structural organization of main bone components and can help to better understand how the two different bone types contribute to the global mechanical properties of this complex material. The knowledge acquired in this study will increase our understanding of the underlying events resulting on specific bone pathologies (i.e., avian osteoporosis) and may lead to strategies aimed to improve bone quality and reduce the incidence of bone fractures in commercial poultry farms.
METHODOLOGY Bone samples
For this study, tibia bone samples (n = 94) from two lines of White Leghorn hens (56 weeks old) with either high or low bone strength and that were housed either in individual cages or in aviary systems (see table 1) were selected from a previous study (Fleming et al., 2006) . Briefly, hens were reared together in a 60 m 2 pen until 15 weeks old. After 15 weeks, hens were transferred to individual cages or aviary-type housing systems. At 56 weeks, hens were sacrified and bone collected for analysis. Bones had been kept in a freezer at -20 ºC until analyzed. No chemical fixatives were used to preserve samples. The bone samples selected for analysis were thoroughly examined to assure that were well preserved. Moreover, infrared spectroscopy and electron microscopy analysis did not show any sign of alteration of bone mineral and organic components.
Bone properties
The main morphological properties of bones were measured in a previous study according to the protocols described elsewhere (Fleming et al., 2006) . Briefly, bone dimensions (i.e., tibiae length) and bone mass (whole tibiae radiographic densities) were determined by Xray radiography of whole tibiae. Histomorphological preparations of mid-diaphysis crosssections were used to measure the tibiae outer and inner diameter, the cortical thickness and porosity of cortical bone. Biomechanical properties (i.e., tibiae breaking strength and stiffness)
were determined by three point bending test using a material testing machine (JJ Lloyd LRX50).
Additionally, in the present study, we measured bone material specific properties (e.g., bone microstructure, chemical composition of the cortical and medullary bone, mineral crystallinity and orientation, and collagen maturity) using electron microscopy, infrared spectroscopy and X-ray diffraction techniques as described below.
Electron Microscopy
Scanning electron microscopy (SEM) observation was carried out on polished crosssections of the tibiae mid-diaphyses. To prepare the sections, bone samples were embedded in (Rey et al., 1989; Donnelly et al., 2010 we evaluate the total amount of carbonate relative to organic matrix (CO 3 _a1415/AmideI) as the peak area ratio of the main carbonate band to the amide I band. 4) The mineral crystallinity index (CI) determined as the area ratio between phosphate sub-bands 1030 and 1020 cm -1 which increases as the mineral crystal size and perfection increases (Donnelly et al., 2010) . 5) The amount of collagen cross-links as the area ratio between amide I sub-bands at 1660 and 1690 cm -1 which increases with collagen maturity Donnelly et al., 2010) . Additionally, the absolute water, organic matter, carbonate and phosphate content was determined by thermogravimetry (TGA) in selected bone samples. For these analyses, about 25 mg of the powdered bone was introduced into a crucible and analyzed using a TGA system from METTLER-TOLEDO (mod. TGA/DSC1). A heating rate of 20 ° C/min was used for registering the TGA curves.
Two-dimensional (2D) X-ray diffraction
Tibiae cortical bone (about 1x1 cm) cut from the midshaft of the diaphysis were analyzed in transmission mode with a single crystal diffractometer equipped with an area detector (D8 SMART APEX from Bruker) and Mo radiation (50 KV and 30 mA; 0.5 mm collimator). Crystallinity of bone mineral was determined by measuring the full width at half maximum (FWHM) of the main apatite peaks (e.g., 002, 211, 310) displayed in 2Theta scan, calculated by radially integrating intensities from 2D X-ray diffraction patterns. The sharper the peaks and smaller the FWHM, the greater is the crystallinity. A quantitative estimation of the degree of alignment of the c-axis of apatite crystals in the cortical bone was determined from the angular breadth of bands displayed in the intensity profile along the Debye-Scherrer ring associated with the 002 reflection of apatite mineral (Gamma scan; Wenk and Heidelbach, 1999) . The wider the band, the greater the scattering in the orientation of the c-axis of apatite crystals. This also represent a measurement of the alignment of mineralized collagen fibers as the apatite crystals that nucleate within the collagen fibre gaps and/or in the exterior of fibrils have their c-axis aligned with the collagen fibrils (Fratzl et al., 2004; Nudelman et al., 2013) .
XRD2DScan software was used to analyze the collected 2D X-ray diffraction patterns (Rodriguez-Navarro, 2006).
Statistical analyses
Basic descriptive statistics were used to characterize bone properties. Analysis of variance (two-way ANOVA) was used to compare bone properties between birds from different lines and housing types considered. Pearson's correlation analysis and multivariate linear regression models were used to study the relationships between the different properties of bone and bone mechanical properties. Because cage and aviary birds had very different bone material properties, the later analyses were done separately for each type of housing system. All statistical analyses were performed using Origin Pro (Microcal) or SPSS 22.0 (SPSS Inc.) software package.
RESULTS

Bone morphology
Figure 1A-D displays representative BSE-SEM images of tibiae cross-section at middiaphyses of birds from different lines and housing systems. The outer bone shell or cortex is composed of dense cortical bone with evenly distributed osteons characterized by the concentric deposition of bone tissue around channels (e.g., Harvesian channels). The marrow cavity was partially filled with medullary bone consisting of bone trabeculae elements which generally are isolated. BSE-SEM images show cortical and medullary bone mineral as bright (i.e., high electron density) and pores and resorption cavities as dark (low electron density).
Tibiae cross-sections from birds of different lines and/or housing systems show evident differences in the cortical bone thickness, porosity and amount of medullary bone present in the marrow cavity. In general, the cortical bone of Low line birds was thinner than that of High line birds. On the other hand, bone from birds housed in cage systems show large resorption cavities in which the cortical bone was partially replaced by medullary bone (Figure 1 A and B) .
In contrast, the cortical bone of birds housed in aviary systems was thicker and generally does not show resorption centers (Figure 1 C and D) . The porosity of cortical bone was slightly higher in cage birds (e.g., from the Low line) compared to aviary birds (e.g., from the High line) though these differences were not significant (p = 0.120) (Fig 2) . Some birds from the High line in aviary systems have the marrow cavity highly mineralized with medullary bone with connected trabecula bound to the cortical bone inner surface (Fig. 1D ). These birds showed the highest bone mechanical properties (e.g. Breaking strength of 790 N compared to an average of about 500 N for High Line birds). The size of apatite crystals in cortical bone, determined from TEM images, was 66 ± 18 nm in length and 6.7 ± 0.7 nm wide. Medullary bone was composed of randomly arranged collagen fibrils and ribbon-shaped apatite crystals distributed in separated bundles. The size of apatite crystals in medullary bone was much smaller than in cortical bone. These crystals have an average length of 15.0 ± 1.4 nm and a width of 1.7 ± 0.2 nm.
TEM imaging of cortical and medullary bone did not reveal obvious differences between birds from different lines and/or housing systems regarding the size or shape of apatite crystals and/or its relationship with collagen fibril distribution. However, image analyses of cortical bone in TEM sections revealed that this tissue had generally a higher degree of mineralization in caged birds (48.3 ± 4.6 %) than in aviary birds 40.1 ± 10.7 %; p< 0.001).
Bone material properties % carbonate by weight). In addition, the cortical bone mineral, in aviary birds, had a significantly lower degree of carbonate type B substitution (MinCO 3 _870; p < 0.001) and lower crystallinity (CI; p = 0.002) than in cage birds ( figure 4B ). In contrast, the total carbonate in bone mineral (MinCO 3 _1415; p < 0.001) was higher in aviary birds compared to caged birds ( figure 4C ). On the other hand, the degree of collagen cross-linking in cortical bone estimated as the a1660/a1690 ratio (figure 4F) was higher in birds from aviary systems than in birds from cage systems (p = 0.02).
Pearson correlation analyses show well defined relationships between cortical bone compositional parameters (Table 2) . Specifically, the degree of mineralization (PO 4 /Amide I) and the total carbonate in bone (CO 4 _1415/Amide I) were positively and highly correlated, confirming that carbonate is bound to phosphate as part of the bone mineral. On the other hand, there was significant positive correlation between the degree of mineralization (PO 4 /Amide I) and the amount of carbonate type B substitution in the mineral (MinCO 3 _870).
There was also a positive correlation between the degree of mineralization and the crystallinity index (CI) as well as between the degree of mineralization (PO 4 /Amide I) and carbonate substitution (MinCO 3 _870) and the crystallinity index (CI). In contrast, there was a significant negative correlation between the degree of mineralization (PO 4 /Amide I) and the total amount of carbonate in the mineral (MinCO 3 _1415). All these relationships are coherent and can be explained by the bone mineral maturation process. Bone mineral increases in crystallinity and incorporates more carbonate into its crystalline structure (type B carbonate). At the same time, the mineral loses labile carbonate, accounting for the reduction of the total amount of carbonate in the mineral (MinCO 3 _1415). Additionally, the positive correlation between the degree of cross-linking (a1660/a1690) and the crystallinity index (CI), and the amount of carbonate type B substitution (MinCO 3 _870), indicates that as bone mineral matures, the density of collagen cross-linking in bone tissue also increases.
In the case of medullary bone, FTIR showed that birds from the High line, or housed in aviary systems, had a greater amount of medullary bone (PO 4 /Amide I) than birds from the Low line, or those housed in cage systems. Particularly, birds from the High line housed in aviary systems had the greatest amount of medullary bone mineral ( Figure 5A ) (p < 0.001). On the other hand, there was not significant differences in the other bone material properties investigated ( Figure 5B-F) ) between birds from the two lines. However, the type of housing did influence the composition of medullary bone mineral. Specifically, the amount of type B carbonate substitution in the mineral ( Figure 5B ) was significantly lower for aviary birds (p = 0.010), indicating the medullary bone mineral was less mature in aviary birds. Also, collagen cross-linking ( Figure 5F ) was lower in medullary bone of aviary birds (p = 0.018).
X-ray diffraction 2D X-ray diffraction (2D-XRD) shows notable differences between the cortical and medullary bone related to mineral organization and its crystallinity ( Figure 6 ). For cortical bone, the intensity of Debye-Scherrer rings is concentrated in arcs (i.e., 002 reflection) or in broad bands in the Gamma scans ( Figure 6A and D), due to the preferential orientation of apatite crystals that have their c-axis aligned parallel to the elongation of long bones. In contrast, 2D-XRD patterns of medullary bone shows complete Debye-Scherrer rings of homogenous intensity, characteristic of materials with a random crystal orientation ( Figure 6B and D). Cortical bone mineral has a greater crystallinity than medullary bone mineral, as indicated by better defined and sharper Bragg reflection peaks displayed in the calculated 2Theta scans ( figure 6C ). In both tissues, the only mineral phase detected was nanocrystalline apatite. In medullary bone, 2Theta scans show a broad peak at lower angles due to the presence of a large amount of organic matter.
In figure 7 parameters determined by X-ray diffraction for cortical and medullary bone are summarized. Cortical bone mineral of birds from the Low line, and from cage systems, have lower FWHM values of 211 reflection than birds from the High line, and from aviary systems, indicating that bone mineral has a higher crystallinity in the former groups ( Figure   7A ). However, the effect on bone mineral crystallinity of the type of housing (p = 0.001) was larger than that of lines (p = 0.077). On the other hand, the angular spread (AS) of apatite crystals of cortical bone in aviary birds was larger than in cage birds ( Figure 7B ) (p = 0.016). No significant differences were observed between lines for AS parameter (p = 0.309). Thus, the cortical bone mineral in aviary birds has a lower crystallinity and is more disorganized (lesser degree of alignment of crystals and collagen fibers) than that of cage birds. Also, the medullary bone mineral from aviary birds have much higher values of FWHM 211 reflection than cage birds, indicating that medullary bone mineral in aviary birds has a much lower crystallinity than in cage birds (Figure 6 C; p < 0.001).
Influence of bone material properties on mechanical properties
Pearson correlation analyses show that mechanical properties (bone breaking strength) are positively and significantly correlated with cortical thickness and even more strongly with whole tibiae radiographic density (Table 3 ). This was indicative that bone mass was a major determinant of bone mechanical properties. There was also a negative correlation between mechanical properties (bone breaking strength) and cortical bone porosity which was only significant in the case of cage birds. There was a positive correlation between mechanical properties and degree of mineralization of both cortical and medullar bone. However, these relationships were only statistically significant in the case of aviary birds. The orientation of apatite crystals (angular spread) was not correlated to mechanical properties.
A multivariate linear regression model was built to better understand the contribution of cortical and medullary bone to the global bone mechanical properties (Table 3) 
Discussion
The present study extends previously published work aimed to analyze the influence of genetic selection and environmental factors (type of housing, diet) on the incidence and severity of osteoporosis in laying hens (Bishop et al., 2000; Fleming et al., 2006; Dunn et al., 2007) . Specifically, it utilizes the same material used by Fleming et al. 2006 , where the effect of genetic selection, housing type and diet was studied on bone histomorphological (cortical area, radiographic density, osteoclast number) and mechanical properties (bone breaking strength). Here a detailed study of relevant bone material properties (i.e., bone chemical composition, mineral crystallinity and structural organization) was performed for two types of bone tissue (cortical and medullary), the medullary bone being similar to cancellous bone but only present in birds during the laying period, when it acts as a calcium reservoir for rapid eggshell mineralization. The information obtained allowed us to determine the influence on laying hens of selection and physical activity levels associated with different types of housing (individual cages or aviary systems) on bone material properties and the contribution of different type of bone tissue on global bone mechanical properties.
As previously described for these samples (Fleming et al. 2006) , hens from the High line had stronger bones than those from the Low line which was correlated with greater bone mass indicated by a higher radiographic density and thicker cortical bone. High line hens also had more medullary bone than the low line hens which may have assisted in maintaining the stronger bones of the high line hens (Fleming et al. 2006) . Hens housed in the aviary system also had stronger bones compared to birds housed in individual cage systems, again due to an increased bone cortical thickness, a lower bone cortical porosity, a larger amount of medullary bone and overall a greater total bone mass. An increased bone resorption due to a higher osteoclast number in low line and caged birds was responsible for their reduced cortical thickness.
Despite the large differences observed between the High and Low lines for mechanical and bone histomorphological measurements (Fleming et al. 2006) , the cortical and medullary bone material properties analyzed in the current study; degree of mineralization, carbonate substitution in the mineral (type B), mineral crystallinity, collagen cross-linking, degree of alignment of apatite crystals were indistinguishable between bird lines. The selection process, therefore, did not appear to change the properties of bone constituting materials (e.g., mineral, collagen) but rather the amount of bone and its geometrical distribution. It has however been reported that the level of cross-linking in the high line hens (measured using a biochemical method) was elevated (Sparke et al., 2002) though the cross-linking determined by FTIR method did not allow to differentiate among lines.
The type of housing (individual cage vs aviary systems) and therefore differences in physical activity regimes, however, did have a large influence on bone material properties. Cortical bone in caged birds is thinner and has more and larger resorption cavities than in aviary birds.
Cortical bone in aviary birds, besides being thicker, has a lower degree of mineralization, a lesser amount of carbonate type B substitution and a lower crystallinity than cortical bone in caged birds. Overall, these characteristics are typical of younger, less mature bone tissue (Boskey, 2005; Donnelly et al., 2010) . This suggests that cortical bone in aviary hens is more metabolically active and has a faster turnover rate, so that bone tissue is continuously being renewed and do not have time to become fully mineralized and the mineral to mature and became more organized as has been observed in other studies for other animal models (Isaksson et al., 2009; Wang et al., 2013) . Also, the medullary bone mineral in aviary hens was less mature than in caged hens, suggesting that aviary birds had an overall higher rate of medullary bone formation and turnover than caged hens.
The increased metabolic activity of bone and higher turnover rate in aviary birds should allow for a more efficient bone adaptation to mechanical loads. Also, the replacement of old bone tissue with new bone during the remodeling process should avoid the accumulation of microdamage. All these changes can have a positive contribution to the improved mechanical properties of bone in aviary birds as it has also been observed in other animal models (Isaksson et al., 2009; Wang et al., 2013; Warden et al., 2014; Aido et al., 2015) . In fact, bone remodeling rates is one of the main factor that determines bone properties and different bone pathologies result from an altered or unbalanced bone remodeling rate (Fratzl et al., 2004; Boskey et al, 2005; Isaksson et al., 2009; Paschalis et al., 2011) .
The improved bone mechanical properties of aviary birds should be directly related to greater physical activity of these birds in this type of housing (Fleming et al., 2006) which have been confirmed during lay (Leyendecker et al., 2001; Regmi et al., 2016) and during rear (Regmi et al., 2015) . Prolonged immobility in cage hens increases bone resorption whereas increased physical activity (as in aviary birds) stimulate bone formation and remodeling. These results are comparable with other studies using laying hens and broiler chickens as animal models and which show the effects immobility or physical activity restriction on bone growth/ quality (Bassey 1995; Mosekilde et al., 1994; Bell et al., 1988; Shipov et al., 2010; Aguado et al., 2015; 2017) . Besides changes in the amount of bone for different levels of physical activity, changes in bone material properties could have also influenced bone breaking strength. For example, the amount of cross-linking estimated by FTIR was increased in cortical bone from aviary hens which may contribute to the improvement in the observed material and mechanical properties (Saito and Marumo, 2010) . On the other hand, mineral organization defined as the degree of crystal alignment determined by XRD was not correlated to the global mechanical properties of bone. However, aviary hens which showed the highest bone strength had a lower degree of crystal orientation. Thus, we cannot preclude that mineral organization is an important contributor to bone strength. In fact, mineral and collagen organization in bone are responsible of the large anisotropy of bone mechanical properties at the microscale (Weiner and Wagner, 1998; Ishimoto et al., 2013 ).
Multivariable statistical analyses shows that both cortical and medullary bone contribute to breaking strength of bone. Cortical bone had as expected the greatest contribution to bone breaking strength. The thickness of cortical bone was the most important structural parameter contributing to bone breaking strength while its degree of mineralization had a smaller contribution. In the case of medullary bone, its degree of mineralization was correlated with bone breaking strength even though, its contribution was less important than cortical bone properties (i.e., thickness). The weaker relationship between bone material properties and breaking strength in caged hens could be due to the greater number of structural defects (high porosity, large resorption cavities) of cortical bone in these hens. The large resorption cavities found in cortical bone are significant flaws that may act as crack initiation sites, greatly reducing the fracture toughness of bone despite relatively small effects on the material properties. However, the best single predictor of global bone mechanical properties (breaking strength) was the total bone mass determined as the whole radiographic density. This property was measured in the whole tibiae bone whereas the material properties were measured locally (at the mid-shaft of the tibiae). The differences in scale of sampling and measurements might account for different predictive power of the determined bone properties. In summary, the global bone mechanical properties are determined by many factors; type of bone tissue, geometry, porosity, degree of mineralization. Cortical bone had the greatest contribution to global bone mechanical properties. Medullary bone has also a significant contribution to bone strength, particularly when present at greater amounts as a highly mineralized dense material. Greater amounts of mineralized medullary bone may also serve to protect cortical bone from resorption. The study suggests that selection of hens based on an index featuring mainly bone strength did not produce significant changes in the constituent materials properties of bone. In contrast, the type of housing produced changes in bone material properties. The changes in the bone material properties between cage and aviary hens appeared to be mainly due to differences in bone metabolism resulting from increased physical activity in aviary hens that stimulate bone formation and increases bone turnover rates. High line hens appear to have a greater capacity to form bone and to respond to the mechanical stimuli of increasing physical activity in aviary systems. Fleming et al. (2006) and Whitehead (2004) attributed the increased bone mass in the High line hens to better bone formation during rearing and less resorption during the laying period due to a reduced density of osteoclasts observed in the high line which was reduced further in aviary birds. The study confirms the beneficial effects of greater physical activity in aviary systems on bone quality and suggests that if the problems of collisions in aviaries can be solved, combined with improved genetics, then the risk of fracture in laying hens can be ameliorated. Thus, knowledge acquired in this study could help in designing better selection strategies and/or housing systems aimed to reduce the incidence of osteoporosis in laying hens. This study also
shows that laying hens are a very interesting animal model for studying bone pathologies, especially considering that they have a constant high calcium demand and that their bones (particularly medullary bone) have high turnover rates. Table 2 . Pearson correlation analysis of cortical bone parameters determined by FTIR. 
